ABSTRACT: Infectious pancreatic necrosis virus (IPNV), a prototype virus of the family Birnaviridae, exhibits a high degree of antigenic variability, pathogenicity and virulence in salmonid species. The Genomic Segment A encodes all the structural (VP2 and VP3) and nonstructural (NS) proteins, whereas Segment B encodes the viral RNA-dependent RNA polymerase (VP1). We tested 3 different IPNV isolates (Sp103, Sp116 and Sp122) isolated during field outbreaks in Norway for their ability to cause mortality in fry and post-smolt of Atlantic salmon Salmo salar L. The cumulative mortality following experimental challenge in fry was 29% for Sp122 followed by 19% for Sp116 and 15% for Sp103. In post-smolt, the corresponding mortality rates were 79, 46 and 16%, respectively. Comparisons of the deduced amino acid sequences of Segments A and B of all 3 Sp strains revealed substitutions of residues in 13 positions, of which 6 are in VP2, 2 in VP3, and 5 in VP1. Our results suggest that these residues, especially those in the outer capsid VP2, may be involved in the virulence of IPNV. Genome Segment A of the Sp serotype is 3097 nucleotides long and contains a major open reading frame (ORF) encoding a polyprotein of 972 amino acids, which initiates at the second inframe start codon at Position 119. This was ascertained by making mutants of Segment A clone using site-directed mutagenesis, followed by in vitro transcription-coupled translation reaction and immunoprecipitation analyses. In addition, Segment A also encodes a 15 kDa arginine-rich nonstructural protein from a small ORF, preceding and partially overlapping the polyprotein ORF, which is truncated to 12 kDa in the virulent Sp122 strain. Moreover, Segment A could encode a novel, putative 25 kDa protein from another ORF between VP2 and VP4 coding regions, which is only detected in the Sp serotype. Segment B is 2777 nucleotides long and encodes in a single large ORF (a polypeptide of 844 amino acid residues), VP1.
INTRODUCTION
Salmo salar aquaculture has attracted great interest in recent years due to the increasing demand for this high-value species. The intensity at which fish are reared and the other complexities involved in an aquaculture system make the cultured species highly susceptible to various diseases. Infectious pancreatic necrosis virus (IPNV) is one of the major pathogens that bring about huge economic losses in the high-density salmon rearing systems. IPNV causes a highly contagious and destructive disease in juveniles of rainbow and brook trout as well as Atlantic salmon (Wolf 1988 ). An outbreak of IPNV can destroy an entire aquaculture operation and the surviving fish become lifelong carriers (Knott & Munro 1986) . In Norway, a loss of about 60 million US dollars annually due to IPNV infection alone has been reported (Christie 1997) .
IPNV belongs to the genus Aquabirnavirus of the family Birnaviridae (Dobos 1995a , Leong et al. 2000 . The genome of IPNV consists of 2 segments of doublestranded RNA that are enclosed within a singleshelled, icosahedral capsid measuring 60 nm in diameter (Dobos 1976) . Segment A (3097 bp) encodes a 106 kDa precursor protein in a single large open reading frame (ORF) that is cotranslationally cleaved by the viral nonstructural (NS) protease, VP4, to generate mature VP2 and VP3 structural proteins (Duncan & Dobos 1986 , Duncan et al. 1987 . Precise cleavage sites between the VP2-VP4 and VP4-VP3 junctions of the polyprotein have been identified (Petit et al. 2000) . In addition, Segment A encodes a 17 kDa arginine-rich NS protein from a small ORF (also known as VP5), which precedes and partially overlaps the polyprotein ORF (Magyar & Dobos 1994) . This protein has been detected in virus-infected cells (Magyar & Dobos 1994) but it is not required for replication (Weber et al. 2001) . Segment B encodes a 94 kDa protein, VP1, which is the virion-associated RNAdependent RNA polymerase (Duncan et al. 1991 , Dobos 1995b . VP1 is found both as a free polypeptide and as a genome-linked protein, VPg, which is attached to the 5'-end of segments A and B (Calvert et al. 1991) . Using synthetic transcripts derived from cloned Segments A and B, a reverse-genetics system for IPNV was first developed by .
There are 2 distinct serogroups of IPNV, designated as Serogroups A and B. Serogroup A comprises 9 serotypes that are pathogenic to fishes, whereas Serotype B comprises 1 serotype isolated from molluscs (Leong & Fryer 1993 , Hill & Way 1995 . Within the 9 serotypes, there is a high degree of antigenic variability, and differences in the virulence and pathogenicity among the strains. Sp serotype strains are predominant in Europe, whereas the West Buxton (WB) strain is more prevalent in the United States. Since virulence of IPNV has been associated with Segment A (Sano et al. 1992) , there may be differences at the molecular level within Segment A that makes the closely related isolates of IPNV so varied in their virulence. Recently, Bruslind & Reno (2000) identified 2 amino acid differences within the VP2 region of a virulent and avirulent Buhl strain of IPNV that was used to infect brook trout fry. However, there are no reports regarding the virulence of Sp serotype of IPNV.
Therefore, to identify the molecular determinants of varying virulence in IPNV, we completely characterized the Genomic Segments A and B of 3 Sp field isolates, Sp103, Sp116 and Sp122, which caused 16, 46 and 79% mortality in Atlantic salmon Salmo salar L. post-smolts, respectively. A lower but identical pattern of mortality was found in fry challenge of the same species. In this report, we describe the cloning and sequencing of genomic segments of these viruses, including 5'-and 3'-noncoding regions, and identification of putative amino acids involved in the virulence of IPNV. Furthermore, we analyzed the initiation of the polyprotein coded by the major ORF and detection of a putative 25 kDa protein from an overlapping ORF that has not been reported earlier.
MATERIALS AND METHODS

Cells and viruses.
Chinook salmon embryo cells (CHSE-214 ATCC CRL-1681) were maintained at 15°C in minimal essential medium containing Hanks' salts supplemented with 10% fetal bovine serum (FBS). We collected 3 Sp isolates, Sp103, Sp116 and Sp122, from field outbreaks of IPNV in NW Norway in 1998. These viruses were propagated in CHSE cells and purified as described previously by Chang et al. (1978) . Briefly, CHSE cells were infected with the viruses, and after the cytopathic effect was observed, the cells were scraped into the medium and the crude virus was clarified by centrifuging at 5000 × g for 30 min at 4°C. The pellet was resuspended in 15 ml HO buffer (0.01 M Tris-HCl, 0.25 M NaCl, 0.01 M β-mercaptoethanol), mixed with 1 vol of Freon, and homogenized for 15 min at 5000 × g for 30 min at 4°C (Sorvall HB-4 rotor). The supernatant was aspirated and loaded carefully on a 26% sucrose cushion and subjected to ultracentrifugation at 120 000 g for 2 h at 4°C. Finally, the virus pellet was resuspended in 500 µl of HO buffer and stored at -20°C until use.
For the challenge studies, supernatants from cells exhibiting more than 80% CPE (cytopathic effect) were collected, titrated by plaque assay, and stored at 4°C for a maximum of 1 wk before use.
Post-smolt challenge. The experiment was run at the VESO Vikan AkvaVet facility, Namsos, Norway. Atlantic salmon post-smolts that had gone through light and temperature-induced smoltification were challenged with the second passage from infected CHSE cells of 3 different Sp isolates by immersion in three 0.6 m tanks: 100 fish in each tank and 1 duplicate for each isolate. IPNV-free fish with an average weight of 39 g were challenged 1 d after transfer to seawater with a salinity of 30 to 32%. The water-quality parameters were maintained at optimum levels and the experiment was run at 10 ± 1°C. Groups of fish were challenged with Sp103, Sp116 or Sp122 virus, and a group of fish (control) was not challenged but other-wise treated in the same manner. Prior to challenge, the fish were not fed for 1 d. The water level in the tanks was reduced from 100 to 30 l and the water flow was stopped for 3 h. During this period the water was aerated. Freshly prepared culture supernatants of the IPNV isolates at a challenge dose of 1 × 10 5 plaqueforming units (PFU) ml -1 water were added to the tanks. After 3 h, the water flow was resumed. Mortality was monitored for 36 d and 10 dead fish from each group were analyzed for the presence of IPNV by titration of head-kidney homogenates on CHSE cells.
Fry challenge. The experiment was run at the VESO Vikan AkvaVet facility, Namsos, Norway. Atlantic salmon fry with an average weight of 0.2 g were challenged with the second passage from infected CHSE cells of 3 different Sp isolates. Challenge was performed in freshwater by immersion in six 10 l tanks, with 100 fish in each tank and 2 duplicates for each isolate. The waterquality parameters were maintained at optimum levels and the experiment was run at 12 ± 1°C. Groups of fish were challenged with Sp103, Sp116 or Sp122 virus, and a group of fish to be used as a control was not challenged but otherwise treated identically to the others. Prior to challenge, the fish were not fed for 1 d. The water level in the tanks was reduced from 10 to 4 l and the water flow was stopped for 5 h. During this period the water was aerated. Freshly prepared culture supernatants of the IPNV isolates at a challenge dose of 1 × 10 4 PFU ml water were added to the tanks. After 5 h, the water flow was resumed. Mortality was monitored for 57 d and the first 10 dead fish in each tank were analyzed for the presence of IPNV by immunohistochemistry.
Cloning and sequencing of Genomic Segments A and B. Total viral RNA was extracted from the purified virus by treating with Proteinase K, as described by Sambrook et al. (1989) . Briefly, the pelleted virus was suspended in a reaction buffer containing 100 mM Tris-HCl (pH 7.5), 12 mM EDTA, 150 mM NaCl and 1% sodium dodecyl sulfate (SDS), and digested with proteinase K (200 µg ml -1 final concentration) for 3 h at 37°C. The genomic RNA was recovered after phenol/ chloroform extraction and ethanol precipitation.
Using genomic RNA as a template, desired overlapping cDNA fragments of Segments A and B were reverse-transcribed, and amplified according to the supplier's protocol (RNA PCR KIT, Perkin-Elmer). The cDNA clones containing the entire coding and noncoding regions of Genomic Segments A and B of these 3 isolates were prepared using standard cloning procedures and methods previously described by Sambrook et al. (1989) and (Fig. 1) . Several primers were synthesized and employed in RT-PCR (Table 1) . We used 2 primer pairs, FA5'NC and SpAKpnR, and SpAKpnF and SpAPstR, for RT-PCR amplification of Segment A. Similarly 2 primer pairs, FB5'NC and SpBIR, and SpBIF and FB3'NC, were used for preparing cDNA clones of Segment B. Amplified fragments were cloned into the Eco RI site of pCR2.1 vector using 'TOPO TA' cloning kit (Invitrogen). At least 3 independent 5'-end and 3'-end clones of Segments A and B for all isolates were sequenced.
The cDNA clones in all these plasmids were sequenced by the dideoxy chain termination method with an Applied Biosystem automated DNA sequencer, and the sequence data were analyzed by using PC/GENE (Intellegenetics) software. A phylogenetic analysis of all the isolates was carried out using the CLUSTAL program of PC/GENE software.
Site-directed mutagenesis. To construct mutant cDNA clone of Segment A lacking the first initiation codon at Nucleotide Position 68, 2 primer pairs were synthesized and used for PCR amplification of parent plasmid pUC19122A. These primer pairs, pUCNdeF plus SpA68mR (Nucleotide Positions 58 to 77 of Segment A) and SpA68mF plus BstER (Positions 582 to 599 of Segment A) yielded DNA fragments of 307 and 541 bp, respectively. These fragments were combined and subsequently amplified by PCR, using the flanking primers (pUCNdeF and BstER) to produce an 848 bp fragment. This fragment was cloned into a pCR2.1 vector (Invitrogen) to obtain plasmid pCR68m. This plasmid was digested with Nde I and BstE II, and the resulting fragment was cloned into appropriately cleaved pUC19122A. Finally, the mutant clone of Segment A, SpA68m, was obtained in which the initiation codon ATG was mutated to ACG. A similar approach was used to construct the mutant cDNA clone SpA119m, in which the second initiation codon at Nucleotide Position 119 was mutated to ACG. The 2 primer pairs used to make this construct were pUCNdeF plus SpA119mR, and SpA119mF plus BstER.
In vitro transcription, translation and immunoprecipitation analysis. In vitro transcription and translation reactions were performed using the 'TNTQuick Coupled Transcription-Translation System' (Promega), as described by the manufacuturer. Briefly, the DNA template (2 µg) was added to a tube containing TNT buffer, [
35 S]-labeled methionine, amino acids mixture (minus methionine), distilled water, rabbit reticulocyte lysate, and T7 polymerase. The mixture was incubated at 30°C for 90 min. An aliquot of 15 µl was withdrawn, diluted with 135 µl of wash buffer (0.15 M NaCl, 0.005M EDTA, 0.05 M Tris-HCl, pH 8.2, 0.05% NP40), and then 103 µl of washed PANSORBIN cells suspension (Calbiochem) was added. The mixture was incubated at room temperature for 15 min and the cells were removed by centrifugation. Seventy µl of polyclonal rabbit anti-IPNV serum (1:10 dilution with water) was added and the mixture was kept at room temperature for 2 to 3 h. The antigen-antibody complexes were precipitated with PANSORBIN cells (96 µl) by incubating at room temperature for 15 min. After washing 3 times, the pellets were resuspended in 50 µl of sample buffer (125 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 0.5% β-mercaptoethanol and 0.002% bromophenol blue) and heated at 100°C for 5 min. After centrifugation at 12 000 × g for 5 min, the supernatant was removed and subjected to 12.5% SDS-polyacrylamide gel electrophoresis (PAGE). The gel was fixed with a mixture of 30% methanol and 8% acetic acid for 30 min followed by EN 3 HANCE solution (Biotechnology Systems NEN Research Products) for 45 min, dried and exposed to film overnight at -70°C for autoradiography. The film was developed using an automated film processor (Kodak XR-2).
Nucleotide sequence accession numbers. The complete nucleotide and deduced amino acid sequences of IPNV Genome Segments A and B of the Sp103, Sp116 and Sp122 strains have been deposited in the GenBank under Accession Nos. AY354519, AY354520, AY354521, AY354522, AY354523 and AY354524.
RESULTS AND DISCUSSION
Mortality of Atlantic salmon fry and post-smolts
To study the molecular basis of virulence in IPNV of the Sp serotype, 3 field isolates were selected from field outbreaks of IPN in NW Norway in 1998, and used for challenge. Fig. 2a shows the percentage cumulative mortality rate in Atlantic salmon postsmolts challenged with Sp103, Sp116 and Sp122 isolates. Of these 3 isolates, Sp122 produced the highest mortality rate of 79%, followed by Sp116, which caused 46% cumulative mortality at 36 d post-challenge. Sp103 isolate was rather avirulent and caused only a 16% mortality rate, which was about the same as in the unchallenged control group. The relatively high background mortality was due to the fact that some of the fish were poorly smoltified, which made them non-tolerant to seawater. The virus was readily isolated from the respective challenged fish, whereas no virus could be isolated from unchallenged fish. A comparable mortality rate was observed in fry of Atlantic salmon challenged with the same isolates. Fig. 2b shows the mean percentage cumulative mortality rate of 2 duplicate tanks. Although the cumulative mortality did not reach the same level as for the smolt experiment, again Sp122 produced the highest mortality rate of 29.3%, followed by Sp116 with 18.9% and Sp103 with 15.3% cumulative mortality. In this experiment, the control group exhibited a mortality rate of only 3.1%, which is considered normal background mortality at this fish size. The 2 fish trials together strongly suggest that the observed differences in virulence between the 3 isolates in Atlantic salmon of different physiological maturity are genuine. In earlier studies, Dorson & Torchy (1981) reported a similar mortality trend in rainbow trout fry; however, the molecular characterization of their viruses was not achieved.
Sequence analysis of IPNV genome
To molecularly characterize these Sp isolates, we determined the complete nucleotide sequences of IPNV Genome Segments A and B, including the precise 5'-and 3'-terminal sequences. Segment A is 3097 bp long and contains 3 overlapping ORFs. The major ORF encodes the VP2-VP4-VP3 polyprotein, whereas the other 2 overlapping frames encode a 12 to 15 kDa nonstructural protein (NS) and a putative 25 kDa NS protein (Fig. 1) . Segment B is 2777 bp long and encodes Since the terminal sequences of IPNV are highly conserved, these N1 residues may not exist . Secondly, there is an addition of a T residue after Position 109 and the last 5 conserved C residues are missing. In Segment B of the Sp strain, the first 7 residues of the 5'-end and the last 139 residues of the 3'-end were not determined, and there is a deletion of a C residue at Position 69 (Fig. 3) .
Initiation of translation of major ORF in Segment A
Comparison of the nucleotide sequence of 3 Sp strains sequenced in our laboratory with that of N1 strain (also Sp serotype) revealed the presence of an initiation codon at Position 68 in Sp strains for the translation of polyprotein, followed by a second inframe codon at Position 119 due to deletion of a residue after Position 109 (see Fig. 3 ). To determine which start codon is used to translate the polyprotein VP2-VP4-VP3, we made 2 mutant cDNA clones using sitedirected mutagenesis (SpA68m and SpA119m), whereby the ATG codon was mutated to ACG. After in vitro transcription and translation of the parent and the mutant clones, the translated protein products were immunoprecipitated with rabbit anti-IPNV polyclonal antibody and fractionated by SDS-PAGE (Fig. 4) . Our results show that the mobility of the proteolytically processed IPNV proteins derived from the parent pUC19SpA clone (Lane 1) was identical to the proteins derived from the mutant SpA68m clone (Lane 2), indicating that the translation of the polyprotein is initiated at the second in-frame start codon at Position 119. To our surprise, the mutant clone pSpA119m also yielded protein products (Lane 3); however, the pVP2 protein was slightly smaller than the pVP2 protein derived from pUC19SpA and SpA68m clones. These results suggest that the translation of the polyprotein is not initiated at the first start codon at Position 68.
If the translation of the polyprotein had initiated at the first start codon at Position 68, it would have yielded a pVP2 protein, which would have been approximately 2 kDa greater in size than the authentic pVP2. Instead, it gave a pVP2 protein product that was truncated by about 1.5 kDa. Careful examination of the nucleotide sequence revealed the presence of an in-frame start codon at Position 161, which would give rise to a truncated pVP2 protein (by 14 amino acids). Although the efficiency of the in vitro translation and proteolytic processing of the polyprotein from this construct was not altered, the truncated pVP2 protein could not be efficiently immunoprecipitated, possibly due to a change in conformation of the protein and loss of some antigenicity.
Molecular characterization of IPNV isolates
To identify putative amino acids involved in the virulence of IPNV-Sp, we compared the deduced amino acid sequences of these 3 isolates. Table 2 shows the location of amino acid changes in the proteins encoded by Segments A and B. There are a total of 8 amino acid substitutions in Segment A between these 3 isolates, of which 6 are located in VP2 and 2 in VP3. Sp122, which is the most virulent isolate, has 5 unique amino acid substitution at Positions 199, 217, 221, 247 and 500 . Surprisingly, Sp116 and Sp103 are quite similar despite the observed difference in virulence, and only have unique substitutions at Position 288, and in VP3 (Fig. 5) . The first group consisted of all Norwegian strains obtained from Atlantic salmon, namely N1 that was isolated in the late 1980s and other 3 isolated in the late 1990s. The second group comprised all US or Taiwanese strains obtained from rainbow trout, which are not as virulent as the Norwegian isolates. Interestingly, in a recent study conducted by our group, the virulent isolate Sp122 did not cause any mortality in rainbow trout fry. This suggests that virulence may not be directly correlated in different species and/or the virus may have lost its virulence after passage in cell culture (Silim et al. 1982 , McAllister & Owens 1986 .
Our results indicate that the molecular determinants of IPNV virulence reside in Segment A, especially in the VP2 region. This result is also in accordance with that of Sano et al. (1992) , who generated reassortants between virulent and avirulent strains of 2 different serotypes and demonstrated that the virulence of IPNV is associated with Segment A. Similarly, Bruslind & Reno (2000) found 2 amino acid differences in the VP2 at Positions 217 and 286 between the virulent and avirulent Buhl-subtype isolates of IPNV. VP2 is a major capsid protein and is responsible for the production of type-specific monoclonal antibodies (Nicholson 1993) . The residues, which fall within the VP2 region, can possibly alter the properties of this protein. To which extent this correlates with the virulence between these closely related isolates is not known. Another point is that these changes could influence the antigenic properties of VP2. For example, in infectious bursal disease virus (IBDV), another member of the Birnaviridae family, it was shown that substitution of a few residues in VP2 of IBDV resulted in a variant field isolate that could cause disease in immunized chickens (Lana et. al 1992) . Furthermore, the molecular basis of virulence was determined using the reverse-genetics system, and it was shown that residues at Positions 253, 279 and 284 of VP2 are involved in virulence, cell tropism and pathogenic phenotype of IBDV (Brandt et al. 2001 The sequence analysis of 7 Sp isolates also revealed a very interesting finding of a possible putative ORF in Segment A encoding a 25 kDa protein (Fig. 6 ). This ORF is only detected in Sp strains of IPNV and has not been reported so far. An analogous putative 27 kDa protein is also present in Drosophila X virus (DXV), another birnavirus of Entemobirnavirus genus (Chung et al. 1996) . This 25 kDa protein has 12.7% identity with and 44.7% similarity to the DXV protein. These proteins contain 2 basic, arginine-rich, bipartite nuclear targeting sequences (NLS) (boldface italics in Fig. 6 ), which we believe may have a function of targeting proteins to the nucleus. In dengue virus, NLS protein with nuclear localization sequence has been shown to target proteins (beta-galactosidase) to the nucleus (Forwood et al. 1999 ). However, we have no evidence as to whether this putative 25 kDa ORF is expressed by the Sp strain of IPNV. Efforts are under way in our laboratory to produce antiserum against this putative protein in order to detect its presence in infected cells.
Previous studies have shown that Segment A of IPNV also encodes a 17 kDa arginine-rich NS protein (VP5) from a small ORF that precedes and partially overlaps the polyprotein ORF (Magyar & Dobos 1994 ). This protein can be detected only in infected cells and is not present in the virion. A similar NS protein, which is not required for replication but plays an important role in pathogenesis, has been reported in IBDV . In this study, we found that the NS protein exists in different forms in Sp and other serotypes. This polypeptide, which is normally 148 amino acids long (17 kDa), is truncated and of varying lengths within the Sp serotype (Fig. 7) . Since there was a deletion of a nucleotide residue after Position 109 in the Sp isolates sequenced here, there was a frame shift in the ORF encoding the NS protein compared with the sequence of Strain N1 (see Fig. 3 ). Therefore, the translation of this protein could only be initiated at the start codon (underlined in Fig. 3 isolate, there is a premature stop codon at Position 427 that could yield a truncated protein of 12 kDa. For the VR299 strain of IPNV, it was convincingly shown by Weber et al. (2001) that the expression of the NS protein (VP5) is initiated at the second in-frame start codon at Nucleotide Position 113 and not 68, yielding a protein of 15 kDa. In addition, it was shown that this protein is dispensable for the replication of IPNV. Because the NS protein contains Bcl-2 homologue domains, and expression of this protein in CHSE cells enhances cell viability during IPNV infection (Hong et al. 2002) , we suspect that it may play an important role in IPNV-induced apoptosis. This could be ascertained using the reverse-genetics approach developed for IPNV .
